As the dissolvable films are non-adhesive, they were integrated, as previously described 1 , with double-sided pressure sensitive adhesive (PSA) to create sticky tabs. Briefly, through-holes are first machined in the upper carrier layer and PSA layer using a standard paper cutter machine (CraftRobo Pro, Graphtec, USA). The PSA chads, along with the entire upper carrier layer, are then removed and the DF material is rolled onto the exposed adhesive. A second cut, through the DF material and PSA, then defines the outline of the tabs. Finally, during assembly, the tabs can be peeled from the lower carrier layer. The tabs were produced in larger-number arrays for use in the devices described here. Sealed in gas-tight bags, they could be stored for subsequent manufacturing runs. In this work, two tab geometries were used. The circular tabs were typically used for the LFs. They exhibited inner and outer diameters of 1 mm and 3 mm, respectively. If the ancillary liquid filled the reservoir above the level of the CF before the film could dissolve, in some cases this could air-lock the venting channels and valves would not trigger. Therefore, slot-shaped tabs were used for the CFs to ensure the tabs resided at the air / liquid interface; rather than submerged / air-locked by the ancillary liquid. These tabs were 5 mm long and 3 mm wide with an inner profile (exposed DF) of 3 mm long and 1 mm wide. Four different grades of DFs were used throughout this work. These were proprietary film provided by Adhesives Research (Adhesives Research, Limerick, Ireland) and referred to here-in as AR film 1 , FA-35 film and KC-35 film (Harke Packpro, Germany) (referred to as FA and KC film, respectively) and a lowcost DF typically used for embroidery (Barnyarns, Rippon, UK) and referred to here-in as Embroidery Film. Each grade of DF had different dissolution times in the presence of DI water (Fig.  S1(i-ii) . All four grades of film had their dissolution times characterised using a standard microfluidic test structure and experimental conditions defined by Figure S1 . Additionally as the films were, in some cases, used with organic fluids (Isopropyl Alcohol (IPA) and Ethanol (EtOH)), their solvent-specific dissolution properties were also measured ( Fig. S1i-ii ). An understanding of these behaviours was critical for this work as the release control in event-triggered valving is a function of the time it takes for the ancillary fluid to reach the CF valve and the dissolution times of the CF and LF valves. Similarly, as can be seen in Figures S1(i-ii) , the DFs would not dissolve in the presence of certain concentrations of organic fluids. To measure the DF dissolution times, a structure is made which has aDF film located at its base. The centre of this DF is centre 22.6 mm from the centre of rotation of the disc (Fig S1iii) . This chamber is loaded with 20 µl of liquid which, while the disc is not spinning, is kept away from the DF film by surface tension. (Fig S1 (iii-a) ) The disc is accelerated to a spin rate of 15 Hz (rate of acceleration of 12.5 Hz s -1 ); thus the liquid settles to the were made using DI water. Unfilled circles / triangles represent the highest measured concentration where the valve 'did not burst' (defined as not bursting after more than 15 minutes. (ii) shows the same data at an adjusted timescale to reveal more detail of the faster dissolving films (iii) illustrates the microfluidic structure and method for measuring the DF burst times Electronic Supplementary Material (ESI) for Lab on a Chip. This journal is
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Dissolvable Film Tabs
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Disc Manufacture and Assembly
The microfluidic discs were assembled from four layers of Poly(methyl methacrylate) (PMMA) and four layers of PSA 2 . Small features such as microchannels were created from voids cut in PSA (86 µm thick) using a knife-cutter (Graphtec, Yokohama, Japan). Larger features such as reservoirs were created from voids in the PMMA layers (1.5 mm thick) using a laser cutter (Epilog Zing, USA). Layer 1 (PMMA) consisted of loading vents. Layer 2 (PSA) consisted of top-level microchannels for liquid transport and pneumatic venting. Layer 3 (PMMA) provided large reservoirs and through-holes which act as vertical vias. Layer 4 (PSA) was a cover layer which sandwiches the DF tabs in place. Layer 5 (PSA) was a support layer for DF tabs and contained voids where the DF tabs could be positioned. Layer 6 (PMMA) contained the through-holes which acted as vertical vias. Layer 7 (PSA) features the lower-level microchannels which for guiding flow and pneumatic venting. Layer 8 (PMMA) acts as mechanical backing. The microchannels on Layers 2 and 7 are isolated from each other to allow channels crossing. The discs were aligned on a custom assembly jig. Previously prepared DF valves were placed in the Layer 5 (DF support layer) and covered by Layer 4 to ensure proper sealing. Between each assembly step, the discs were rolled using a temperaturecontrolled lamination press (Hot Roll Laminator, Chemsultant Int., US). The discs used for total RNA extraction were manufactured using the anti-contamination protocol described by Dimov et al. 3 . In short, the PMMA sections were immersed in 2% aq. soln. Micro 90 (International Products Corp., US) at 50°C and sonicated for 30 minutes. These components were then sonicated in DI water at 50°C for an additional 30 min. The PMMA sections were then heat-dried at 80°C for 45 minutes. Prior to disc assembly, the work area on the bench was decontaminated using RNAse ZAP and cleaned with 70% IPA.
Experimental Test Stand
The discs were characterized on an experimental "spin stand" 4 which has been described previously 5 . Briefly, the discs were spun on a computer controlled motor (Faulhaber Minimotor SA, Switzerland). A stroboscopic light source (Drelloscop 3244, Drello, Germany) and a sensitive, short-exposure time camera (Pixelfly, PCO, Germany) and the motor are synchronized using custom electronics visualize the hydrodynamics on the rotating discs. Aside from where otherwise specified, all discs are tested at 30 Hz rate of rotation. The discs are accelerated and slowed down at 12.5 Hz s -1 . Due to the software used, images are acquired as single files (PCO's propriety format) at a rate of ~6 Hz. Each image is imprinted with a time-stamp accurate to 1 s. For ESI, the images are post-processed by converting them to bmp format and cropping them to a region of interest post-processing, images are converted to bmp format and are cropped to a region of interest. For video creation a custom LabVIEW program generated metadata about the sequence of images. Specific frames were analysed and data regarding disc rate of rotation and timestamp were entered. Values for the interstitial frames were then interpolated based upon these base-points. The metadata was then processed by a second custom LabVIEW program to write disc rate of rotation and time data (in both text and / or graphical form) to the images. These images are then sequenced into a video. Due to resolution of the time-stamps recorded and the accuracy of video compilation software, it should be noted that time-stamps and disc rate of rotation data shown in the videos can vary slightly (~±1 s) from actual experimental conditions. Videos were then created using Virtualdub (Virtualdub.org) and then further compressed / edited using Windows Movie Maker (Microsoft).
Cell Culture and Sample Preparation
Cells were cultured, harvested and homogenate was prepared according to the protocol described previously 3 . For this, MCF7 cells (DSMZ, Braunschweig, Germany) were cultured in 75-cm 3 flasks in DMEM media (supplemented with 10% fetal bovine serum (FBS), 100 U mL -1 penicillin and 100 mg mL -1 streptomycin). Cultures were maintained with 5% CO 2 at a temperature of 37°C. Cells were harvested by incubating them in 5 mL 0.25% trypsin / 0.1% EDTA at 37°C for 5 minutes and following this by neutralization with 5 mL culture medium. Cells were then centrifuged at 300g for 4 minutes and re-suspended in culture medium. The cells used in this study were collected between their 17 th and 25 th passage. Unless otherwise stated, all reagents were acquired from Sigma-Aldrich (MO, USA). Cells were lysed on bench according to the standard protocol for phenol-chloroform three phase extraction (7) by mixing a 25-μL aliquot of harvested cells in culture media (DMEM, FBS, penicillin and streptomycin) with 80 μL TRI reagent BD (Molecular Research Center Inc). The aliquots contained 9.3  10 4 cells (enumerated using an automated counter (Scepter Handheld, Millipore, US) and in a haemocytometer counting chamber (Marienfeld, Germany) with a depth of 0.1 mm. In order to separate the aqueous from organic phase, 5 μL of 4-bromoanisole was added to each sample. The mixture was vortexed for 1 min and incubated for 9 min at room temperature. All samples were then centrifuged at 14000g RCF for 10 min at room temperature. After the complete phase separation, 40 μL of aqueous phase, containing the RNA, was collected and transferred to a fresh tube, then mixed with 50 μL of RNAase-free water. This mixture was further introduced on-disc or purified on bench using the following IPA / EtOH precipitation protocol 3, 6 .
For on-bench sample preparation, after the above phase separation, 40 µL of the aqueous phase was transferred into an RNA-ase free 1.5 mL tube. 100 µL of 100% isopropanol was added to this tube, gently mixed, and left to incubate for 5 minutes at room temperature. The RNA was pelleted on the The disc is configured so that two valves restrain liquid in two reservoirs. Note the red, dashed lines indicate linking channels on lower layers of the disc. The multi-layer architecture permits increased network complexity and integration of the DFs. Note also that, for clarity, the components DFs of valves are labelled rather than the valves themselves (e.g. Valve #1 is constituted of CF #1 and LF #1) (b) The disc is rotated at 60 Hz. At this higher spin rate more liquid is forced into the valve pneumatic chambers. However, due to the valve geometry the LFs are not wetted. (c) An ancillary liquid is loaded (at rest) and, at a low spin rate (10 Hz), is blocked by a simple capillary burst valve (d) The spin rate is increased and then kept at 30 Hz to pump the ancillary liquid into contact with the control film CF#1 (e) CF#1 is dissolved and the pneumatic chamber of Valve#1 is vented. This allows the restrained liquid from Reservoir #1 to enter the pneumatic chamber and wet LF#1, (f) LF#1 is dissolved and Valve #1 opens. The released liquid flows from Reservoir #1 and contacts CF#2 (g) CF#2 is dissolved and the pneumatic chamber of Valve#2 is vented so liquid enters the valve from Reservoir #2 and wet LF#2 (h) LF#2 is dissolved and Valve #2 is opened, releasing the liquid restrained by Valve#2.
bottom of the tube by centrifugation at 13,000 RPM (14,000 g RCF) for 8 min at room temperature. Next, isopropanol / aqueous supernatant was removed without disturbing the RNA pellet. Then 100 µL of 75% aqueous solution of ethanol (EtOH) was added using the side of the tube. Samples were centrifuged for 5 minutes at 13,000 RPM at room temperature, after that the EtOH supernatant was removed. This step was then repeated. Finally, the RNA pellet was re-suspended in 30 µL of RNA-ase free water and incubated at room temperature for 5 minutes. The samples were then analysed without further storage.
Valve Network Operation
The most basic valve network operation is sequential actuation. Figure S2 provides a detailed breakdown of the operation of two concatenated valves actuated by the opening of an initial burst valve. Additionally, Figure S3 provides a step by step breakdown of the 10-valve structure presented in the main paper.
RNA Extraction Protocol Liquid Handling Protocol
Two variants of the RNA extraction disc were engineered. The first disc used dyed water for visualisation and used FA-film tabs at all locations except CF/LF4 where Embroidery film was used. The FA-films, which take ~40 s to dissolve in the presence of water, resulted in clear and defined liquid release steps. The second disc variant, used for the RNA extraction, was geometrically identical but, due to compatibility with organic solvents, used AR film where dissolution was required upon contact with high concentrations of organic solvent (LF1, LF2, CF2 and CF3).
Both disc variants were designed to implement the following liquid handling steps:
1. Routing of sample (for RNA extraction cell homogenate) through acid washed glass beads to the waste chamber. 2. Release of Wash #1 (for RNA extraction 100% IPA) and routing through RNA / beads conjugate and to the waste chamber 3. Release of Wash #2 (for RNA extraction 75% EtOH) and routing through RNA / beads conjugate and to the waste chamber 4. Release of elution buffer (DI water) and routing through RNA/beads conjugate and to the RNA recovery chamber. However, as described in the following section, this protocol was modified slightly due to the incompatibility of DF films with the some of the concentrations of organic solvents used.
Disc Design and Function
As demonstrated in the main paper, it is possible to co-locate the CF / LF valves to open a route from the extraction chamber to the sample-recovery chamber. The selective routing of cell homogenate and wash liquids to a waste chamber, while diverting the elution buffer (liquid carrying purified RNA) to a collection chamber, constitutes the primary challenge for this protocol. RNA extraction has been implemented in centrifugal systems previously 3, 7 . However, while the capability to automate the release of wash buffers 7 has been demonstrated, as has the capability to selectively isolate the elution buffer 3 , to our knowledge this is the first time that both steps are integrated manner without requiring complex support instrumentation. The routing is enabled initially through an open microchannel leading from the sample chamber to the waste chamber (Fig. S4) . A serpentine has been added to this microchannel to increase its Fluid Network Cascade of 10 valves (a) schematic of the disc structure displaying the location of DFs and linking channels on the lower level of the disc structure. Note also that, for clarity, the components DFs of valves are labelled rather than the valves themselves (e.g. Valve #1 is constituted of CF#1 and LF#1). (b) disc with all reservoirs loaded and the liquid subjected to high centrifugal field (60 Hz). (c-k) disc during the experimental sequence. In each figure, the liquid transfer (event) which triggered the valve actuation is highlighted using an orange arrow. Initially, ancillary liquid is added to the left-most reservoir to wet and dissolve CF#1; and thus initiating the cascade. The disc is rotated at 30 Hz for the duration of the test. Images shown are when the CF of each valve has dissolved and the pneumatic chamber has been vented. Note (e) shows parallel triggering of two valves (Valve#3 and #5) while (g) shows Valve#6 triggered using a logical AND relationship (Valves #4 and #5 must be opened) (i) also shows parallel triggering of Valves#8 and #10. (j-k) shows the liquid volume restrained by Valve #6 later restrained by Valve#10 and also demonstrates Valve#9 as a co-located valve. (l) time at which each film dissolved. The discs were manufactured and tested (n = 3) using two different grades of DFs. Opening of control films is shown by red diamond symbols while load films are shown by green circles. The blue dashed line shows the network dependencies between each valve. Note that time variation/error for each actuation step was less than ±1.2 s and for clarity error bars have been disregarded. As can be seen, discs manufactured using KC-film took over three times longer to complete than discs manufactured from the faster dissolving embroidery film. Also shown is the spinprofile used to test the discs. ESI is available (Movie 1 and Movie 2). length. This meets two design requirements. Initially, the serpentine channel displays a higher flow resistance than the channels leading from the wash reservoirs to the sample chamber; thus resulting in an accretion of liquid in the reservoir, fully wetting the beads, emptying to the waste. Secondly, as these valves are based on sacrificial technology, and cannot be closed, the long flow length means that, later in the protocol, the majority of elution buffer will preferentially divert down a channel of lower flow resistance.
The cascaded sequential release of the wash buffers is implemented by means of an AND relationship; established by a series of staggered overflow structures where additional volume entering the waste chamber actuates the next valve in the sequence. The use of a co-located CF / LF valve to seal the channel from the sample chamber to the RNA collection chamber offers two advantages. In the first case, the ability to use a small pneumatic chamber minimises the ingress of organic solvents into the valve and thus reduces the contamination of the elution buffers. In the second case, the capability of opening the routing path before the elution buffer is released (which would be required for a conventional event-triggered valve) reduces the amount of eluate which is diverted into the waste chamber. The co-located valve is opened through an ancillary liquid which is released by the addition of Wash #2 to the liquid volume in waste chamber. This ancillary liquid serves two functions; it first opens the co-located CF / LF valve and then, flowing into the RNA recovery chamber, triggers the release of the elution buffer. Note that this ancillary liquid (DI water in this case) could be substituted for any aqueous buffer (for example reagents for a reverse transcriptase step). The microchannel which leads from the extraction chamber to the RNA recovery chamber, while having a lower flow resistance than the channel leading to the waste chamber, still provides a greater flow resistance than the channel leading from the elution buffer reservoir to the extraction chamber. This again results in a build-up of liquid within the sample chamber before it drains into the RNA recovery chamber.
Experimental Protocol
Prior to placing the disc on the experimental spin stand, the sample chamber is loaded with 30 mg of acid-washed, dried glass beads (< 106 µm diameter). While some of the glass beads have a diameter smaller than the height of the outlet channel (defined by PSA 500 µm 86 µm), the presence of larger beads combined with granular jamming (a.k.a. stonewall effect) in the bulk of the beads tends to retain the beads in the sample chamber.
In an earlier protocol for on-disc RNA extraction 3 , a wash with 100% IPA is followed by wash of 75% EtOH/DI water. However, 100% IPA would not dissolve the available DFs (Fig. S1(i-ii) ). Therefore, AR-film was tested on-disc using 90% IPA / DI-water solution. Yet, it was found that due to the surface tension between IPA and PMMA, when the pre-loaded discs were stopped to load cell homogenate, the IPA / water could wick into the pneumatic chamber and contact the LF. This would then result in premature, out of sequence opening of this valve. Therefore, the protocol was modified to utilize two washes of 75% EtOH / DI water solution. Thus, Wash Chamber #1 and Wash Chamber #2 are both loaded with 90 µl of 75% EtOH / DI water. The ancillary and elution buffer chambers are then loaded with 20 µl and 90 µl of DI water, respectively. With these chambers loaded, the integrity of the valves was tested by rotating the disc at 60 Hz for a short period of time. Note that in the case of the visualization disc (Fig. S5) , the acid washed beads were not loaded and all reagents were substituted for dyed water The experiment is initiated by loading a 90 µl mix of cell homogenate and aqueous phase. The disc was briefly spun at low frequency so the homogenate could come in contact with the beads. In one case, the disc was stopped and the fluid was left to incubate for 5 minutes. The disc was then then accelerated and kept at 30 Hz for the duration of the experiment. In the other case, the disc was accelerated to 30 Hz directly from the loading step. At this point the entire sequence occurs automatically without further operator intervention until the purified RNA sample is to be removed from the disc. Initially, the cell homogenate drains from the sample extraction chamber into the waste chamber (Fig. S5b) where it contacts the CF#1 film of Valve #1 (V#1) and triggers the release of Wash #1 (75% EtOH aq. soln.). This liquid enters the sample extraction chamber, washes the RNA captured on the beads and is then routed into the waste chamber (Fig. S5c) . This additional liquid added to the waste chamber is sufficient to flow over the metering structure and wet the CF#2 film of Valve#2, causing the release of Wash #2 (Fig. S5d) . This liquid in turn washes the beads a second time and is routed to waste. The additional liquid in the waste reservoir triggers Valve#3. The trapped air escapes through this valve (Valve#3), allowing the ancillary fluid to contact the co-located LF / CF#4 valve (Valve#4) (Fig. S5e) . This valve is opened, and the ancillary liquid flows into the RNA collection chamber where it wets the CF#5 film of Valve#5 (Fig. S5f) . Once triggered, it releases the aqueous elution buffer, which removes adsorbed RNA from the beads and the eluate is preferentially diverted into RNA collection reservoir (Fig. S5g-h ). Following this automated sequence, which takes approximately 6 minutes, the disc is stopped and the sample is removed for benchmarking.
RNA extraction disc results
Upon completion of the event-triggered sequence, the elution buffer (~100 μL) was recovered from the disc and the total RNA content was measured using quantitative microchannel electrophoresis (Fig. S6 ). An identical control sample was processed on bench and was analysed using the same system (359.7 ng measured, Fig. S6 ). The sample which was incubated on-disc for 5-minute incubation based extraction (Fig. S6 ) was found to have 1.04 ng μL -1 , or 104 ng, of total RNA (28.9% extraction efficiency compared to bench-top). The flow-through sample yielded 59.5 ng (0.595 ng / μL in 100 μL, 16.6% efficiency compared to bench-top). Inspection of the electropherogram (Fig. S6) shows that the bench-top control samples had traces of degradation (the baseline is shifted upwards and the peaks are broad). In comparison, the samples processed on-disc display the horizontal base-line and well-defined peaks associated with good quality, intact RNA. While this analysis method does not conclusively prove the biological usability of the sample (as, for example, a follow-on RT-PCR step would) it strongly indicates, as a proof-of-concept, the potential use of these valves for this application.
RNA extraction disc evaluation
The disc cartridge functioned reliably and repeatedly with aqueous fluids. Nevertheless, the incompatibility of the DFs with certain concentrations of DI water / organic solvent solutions required some design compromises, and thus caused some limitations in performance when applied to total RNA extraction. As described above, it was initially planned to use IPA (100%) as the Wash #1 component as per the standard protocol. Yet, due to DF compatibility and surface tension considerations, the protocol was modified to use two washes of EtOH (75%). In actuality, this became a single, extended wash using 75%
EtOH. This was attributed to the short dissolution time of the AR films at this concentration which resulted in an overlap of valve actuation. Similarly, the long drying times used in the protocol previously described 3 were not available due to the manner in which the valves were actuated. Despite these variations from the optimal protocol, the extraction proved to be effective. Additionally, the experiments conducted using entirely aqueous fluid (dyed water) demonstrated clearly defined actuation steps and were highly repeatable. This is particularly promising as aqueous reagents are widely used in most biomedical assays (as opposed to the organic solvents used in this particular proof-of-concept study).
Fig. S5
Application to RNA extraction. This disc architecture demonstrates how event triggered valves can be applied to a typical biomedical assay utilizing sequential liquid handling steps. For clarity images acquired using dyed water are shown alongside images acquired during total RNA extraction. Note a schematic of this disc architecture can be seen in Fig. S4. (a) shows the disc stationary while fully loaded with liquid (b) the disc was accelerated to 30 Hz and that spin rate was maintained throughout the experiment. Subjected to centrifugal force, the cell homogenate was directed from the extraction chamber to waste through an open channel (c) the cell homogenate then dissolved CF #1, which triggers the release of Wash #1 (EtOH) (d) Wash #1 was then routed through the reaction chamber to the waste chamber, where CF #2 is dissolved the release of Wash #2 (EtOH) is triggered (e) Wash #2 is routed to waste, which dissolved CF #3 and triggered the release of the ancillary fluid (f) the ancillary fluid dissolved CF / LF #4, which opened a route from the extraction chamber to the sample recovery chamber, and then flowed into the sample recovery chamber where CF #5 was dissolved (g) This released the elution buffer, which was routed through the extraction chamber and was preferentially, due to flow resistances, routed to the sample extraction chamber (h) Sample was collected in the sample recovery. ESI is available (Movie 5, 6 and 7). . Gel electrophoresis (Agilent Bioanalyzer 2100) shows that bench top (BT), extracted RNA has degraded while its on-disc counterparts with 5 min initial incubation (Inc., blue) or direct flow through (Dir., purple) have stayed intact. The RNA recovered after incubation (104.0 ng) is higher than the direct flow through the beads (59.5 ng); the highest is the amount of RNA recovered after BT (359.7 ng), however, some of it appears to be significantly degraded (as indicated by the pronounced small-RNA peak).
